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Introduction

Recognition of Chemical Identity of Organic Adsorbates on Solid Surfaces at the Nanoscale by Molecular STM Tips
Tomoaki NISHINO* , ** † and Yoshio UMEZAWA*** difficult to discriminate functional groups and chemical species from the conventional STM image contrast. The lack of chemical selectivity is a major drawback of STM. Contrary to this, we have developed molecular tips in order to endow STM with chemical selectivity. The molecular tips are prepared by chemical modification of the underlying metal tips, typically with a self-assembled monolayer (SAM) of thiols ( Fig. 1(a) ), and the outermost single adsorbate probes electron tunneling to or from a sample molecule. Importantly, the tunneling current increases when sample and tip molecules form chemical interactions that provide overlap of their electronic wave functions, that is, hydrogen bond, [1] [2] [3] [4] [5] metal-coordination bond, 6 and charge-transfer 7 interactions ( Fig. 1(b) ). The current increase is ascribed to the facilitated tunneling through the overlapped wave functions. We have demonstrated that this phenomenon can be utilized for the selective observation of chemical species to overcome poor chemical selectivity in conventional STM. 8 In the present report, we review chemical recognition at the single-molecule level by the molecular STM tips. The rest of the present review is organized as follows: in Sect. 2, we introduce the basics of locating chemical species on the basis of chemical interactions between sample and tip molecules. Section 3 shows that the chemical selectivity can be controlled by chemical design of the tip molecule. Moreover, we show that rationally designed molecular tips allow chiral recognition and discrimination of DNA bases on the single-molecule level in Sects. 4 and 5, respectively. It is described in Sect. 6 that electron-donating molecular tips selectively visualize atomic defects in carbon nanotubes. Section 7 shows the detection of electron transmission from a single molecule to an adjacent another single molecule. We present techniques for the preparation of the molecular tips in Sect. 8. The paper is concluded in summary given in Sect. 9.
Discrimination of Chemical Species
2·1 Electron donating or accepting moieties
A fullerene molecular tip (MPF; Fig. 1(a) ) was used to observe porphyrin molecules adsorbed onto a surface of highly oriented pyrolytic graphite (HOPG). Porphyrins are one of the most employed electron donors, and fullerenes possess a facile electron acceptability. 9 These two compounds have been known to form a charge-transfer interaction between them. [10] [11] [12] Therefore, this system is suitable to investigate the effect of charge-transfer interactions on the electron tunneling between electron donating and accepting molecules.
Figure 2(a) shows an STM image of the cobalt(II) porphyrin (CoPor) monolayer observed with a gold tip, in which ordered arrays of porphyrin rings were observed. The porphyrin rings were observed as having central protrusions when gold tips were used, as indicated by the arrows in the STM image ( Fig. 2(a) ). The protrusions are assigned to the central cobalt(II) ions. The large tunneling probability at the cobalt(II) ions has been suggested to result from d-orbital mediated electron tunneling in a resonant way, where the unoccupied orbitals of the half-filled dz2 orbitals coherently couple to the states of the substrate. [13] [14] [15] When MPF tips were used and electron tunneling between the single fullerene and individual porphyrin was measured, significantly different images were observed ( Fig. 2(b) ). In strong contrast to Fig. 2(a) , the cobalt(II) ions (arrows) were observed as depressions, and the pyrrole groups around the cobalt ions appeared as protrusions, which reveals that the tunnel electrons are localized at the pyrrole moieties. We ascribe the change in the image contrast observed with the MPF tips to the charge-transfer interaction concomitant with the overlapped π orbitals between a fullerene moiety of the molecular tip and a pyrrole moiety of the CoPor. The charge-transfer interaction facilitates electron tunneling locally at the pyrrole moiety. These results demonstrate that localized electron tunneling through charge-transfer interactions can be applied to spatially visualize frontier orbitals involved in the interaction.
The fullerene molecular tips were also used to observe a mixed monolayer of zinc porphyrin (ZnPor) and metal-free porphyrin (FBPor). Figures 3(a) and 3(b) show STM images of the monolayer observed with gold and fullerene tips, respectively. The sample solution contains two kinds of porphyrins. Nevertheless, the centers of all the porphyrin rings were observed as depressions compared to the surrounding pyrrole moieties in Fig. 3(a) . In addition, all of the porphyrin rings were observed as equally bright protrusions, and as a result the two species that should coexist on the surface cannot be discriminated from each other. In contrast, one porphyrin ring was observed much brighter than the other one in Fig. 3(b) . A wider image obtained using the fullerene tip showed 108 and 326 molecules having brighter and dimmer rings, respectively. Their ratio (108/326 = 1.0/3.0) is in exact agreement with the molar ratio of ZnPor to FBPor in the sample solution. This suggests that the brighter and dimmer porphyrin rings in Fig. 3(b) correspond to those of ZnPor and FBPor, respectively.
The difference in image contrast of FBPor and ZnPor in Fig. 3(b) is ascribed to the differing extent of the charge-transfer interactions of the two kinds of porphyrins with the fullerene tip. The zinc(II) derivative is thus expected to have a favorable charge-transfer interaction with the fullerene compared with the free-base derivative, 16 because the π HOMO of the former is energetically closer to the LUMO of a fullerene than the latter. The favorable charge-transfer interaction between the fullerene and ZnPor facilitates electron tunneling to a great extent compared with the interaction between the fullerene and FBPor, and the two porphyrins are clearly discriminated from each other by the fullerene tip.
2·2 Functional groups
We have shown that molecular tips allow for the selective recognition of a variety of functional groups based on hydrogen-bond interactions between these functional groups and the tip molecules. The hydrogen-bond interaction increases the tunneling current at the functional groups, and as a result the functional groups appear as bright protrusions. It has been well established both experimentally and theoretically that electron tunneling through hydrogen-bond interaction plays important roles, especially in biological electron-transfer processes. 17 In these processes, the hydrogen bond has been shown to strongly mediate electronic coupling between a donor and acceptor, and to reduce the effective tunneling barriers in between. 18 We found that such facilitation of electron tunneling through the hydrogen-bond interaction also arises with STM molecular tips. Figure 4 (a) shows a typical STM image of a 1-octadecanol monolayer observed with unmodified gold tips. Lamella structures consisting of bright parallel bands were observed, each lamella being separated from the adjacent lamellae by dark borderlines. The length of the bright bands was 2.4 ± 0.2 nm, which agrees well with the length of a C18 carbon chain in the all-trans conformation.
This indicates that these bands correspond to octadecyl chains physisorbed on the graphite surface. The -OH groups of 1-octadecanol molecules cannot be exactly assigned, because the terminal methyl groups are similarly shown as darker parts. In contrast, 4MP tips gave parallel bright lines separated by 4.4 ± 0.2 nm, which almost corresponds to twice the width of the lamella of 1-ocatadecanol and the separation of -OH in the monolayer (Fig. 4(b) ). Similar changes in image contrast were observed with molecular tips having functional groups that can form hydrogen bonds (4AT, 4HT in Fig. 1(a) ), but were not obtained with thiophenol tips, which has no functional group for hydrogen bond. These results indicate that the contrast changes arise due to the presence of -OH residues of the sample, and are due to hydrogen-bond interactions between the functional groups on the tip and the sample.
A number of functional groups can be recognized by molecular tips. In addition to the hydroxyl group shown above, the carboxy group, ether oxygen, and carboxylate moiety are selectively observed with molecular tips.
2·3 Metal ions
Coordination-bond-facilitated tunneling was also observed with 4MP ( Fig. 1(a) ) tips to discriminate metalloporphyrins with different metal centers. 6 Figure 5(a) shows a typical STM image of a mixed monolayer formed from a solution containing ZnPor and NiPor with a molar ratio of 1.00:0.33, which was observed with a 4MP tip. The central parts of the porphyrins appear as very bright spots and moderately bright spots. increased (decreased). This indicates that very bright spots are of the ZnPor and moderately bright spots are the NiPor centers.
Because selective contrasts at porphyrin centers in images with 4MP were observed at the metal centers of ZnPor and NiPor, they were most probably induced by the metal coordination interactions between the pyridyl group of 4MP and the central metals of the porphyrins. The pyridyl group of the molecular tip ligates to the metal ion of the sample porphyrin in a direction perpendicular to the porphyrin ring ( Fig. 5(b) ), similar to axial ligation of porphyrins in solution. The stabilities of axial complexes of zinc(II) porphyrins are fairly high (e.g., K = 10 3 -10 5 M -1 for pyridine or piperidine in benzene or toluene as solvents), 19 and nickel(II) porphyrins also bind one, or even two, axial ligands (e.g., K1 = 0.4 M -1 , K2 = 2.5 M -1 for axial complexation between nickel(II) tetraphenyloxyporphyrin and pyrrolidine in dichloromethane). 20 The involvement of metal coordination interactions in the contrast changes is probably supported by the correlation between the stability of the axial complexes for zinc(II) and nickel(II) porphyrins and the extent of the contrast change.
Control of Chemical Selectivity
As described in the previous section, the chemical selectivity in STM using molecular tips arises from a chemical interaction between the sample and tip molecules. It is therefore expected that the extent of the chemical interaction affects the chemical selectivity achieved by the molecular tips. Indeed, we have shown that the chemical selectivity can be controlled by changing the hydrogen-bond strength through designing the tip functionality. Three kinds of molecular tips (4MP, 4MBSA, and 4MBA in Fig. 1(a) ) were used for an STM observation of behenic acid 16-hydroxyhexadecyl ester (CH3(CH2)20COO-(CH2)16OH, abbreviated hereafter as C21COOC16OH). The 4MP has a pyridine group, which can work only as a hydrogen-bond acceptor. The sulfonyl group of 4MBSA and the carboxy group of 4MBA can form hydrogen bonds as donors, but differ in hydrogen-bond acidity from each other.
With a metal tip, neither the hydroxy nor carboxylate moiety can be recognized. In contrast, when 4MP tips were used for the observation of a C21COOC16OH monolayer, parallel bright lines were observed. Based on the previous result (see above), it can be concluded that the bright lines reveal the positions of the hydroxy groups of C21COOC16OH. The pyridine nitrogen of the 4MP SAMs on the tip can form hydrogen bonds only with a hydrogen-bond donor, and thus, they can interact only with hydroxy groups of the sample. The changes in image contrast selective to the hydroxy groups can be explained by this selective hydrogen-bond interaction with the pyridine of 4MP tip, which probably enhances the tunneling probability. 1 The use of a 4MBSA molecular tip, which contains a strongly acidic sulfonyl group, reveals both the positions of hydroxy and of carboxylate moieties of the sample molecule. In contrast, with 4MBA tips, only the hydroxy group was selectively observed, despite the fact that the tip molecule possesses an acidic carboxy group. The presence and absence of the chemical selectivity for the carboxylate moiety can be explained on the basis of the differing extent of the hydrogen-bond interaction. Hydrogen-bond interactions of the carboxylate moiety are much weaker with the carboxy group of 4MBA tips than with the sulfonyl group of the 4MBSA tips, because the hydrogen-bond acidity of the carboxy groups is in general much lower than that of the sulfonyl groups. The hydrogen-bond interaction between the carboxy group of 4MBA and the carboxylate moiety of the sample is not strong enough to enhance the tunneling current.
In the present section, we describe the control of chemical selectivity through chemical design of the tip molecules. In the following sections, further elaborate design of molecular tips allows sophisticated discrimination of the chemical identities of sample molecules.
Chiral Recognition
Chiral surfaces are attracting increasing interest due to their vital role in a variety of scientific fields, such as in chiral separation and heterogeneous enantioselective catalysis. The most urgent issue in the research on such two-dimensional chirality is a lack of methodologies that recognize molecular chirality on a surface. Recently, it has been shown that chiral molecular tips (Fig. 6(a) ) enable for the first time the discrimination of enantiomers on a single molecule basis. 21 With the (S)-chiral molecular tips (Fig. 6(b) , bottom), STM images, as shown in Fig. 7 , were observed. The images exhibit closely packed arrays of the cysteine molecules adsorbed on the surface, being consistent with literature. 22 This result demonstrates that the chiral molecular tips probe the electron However, the most important observation is the extent of intermolecular electron tunneling between the chiral molecular tips and cysteine enantiomers. Figure 7 (c) shows cross-sectional profiles of the STM images of the cysteine enantiomers taken with the (S)-chiral molecular tips. With molecular tips, the profiles are a quantitative measure of intermolecular electron tunneling between the sample and tip molecules. Because the chemical interaction between the sample and tip facilitates electron tunneling in-between, the sample molecules are observed as higher (brighter) protrusions in the images under a constant current mode. One can see from Fig. 7(c) that the (S)-chiral molecular tip enhanced electron tunneling from L-cysteine molecules to a much larger extent than from D-cysteine molecules. Interestingly, the oppositely handed molecular tip, (R)-chiral molecular tip, caused a reversed situation, i.e., a larger tunneling current from D-cysteine than from L-cysteine. In contrast, metal tips exhibited the same tunneling current from both the D-and L-cysteine molecules, showing that the conventional metal tips are completely silent concerning the chirality. It is concluded that the chiral molecular tips discriminate the stereochemistry of the cysteine molecules by the differing extent of the intermolecular electron tunneling.
The chiral molecular tips ( Fig. 6(a) ) were designed according to a chiral stationary phase (CSP) derived from a molecule shown in Fig. 6 (c) in high-performance liquid chromatography (HPLC). 23, 24 The CSP tethered to a solid support is able to separate enantiomers of numerous kinds of chiral molecules as a result of a set of stereoselective interactions formed preferentially between the CSP and one of enantiomers. Because of the structural similarity, the chiral molecular tips achieve stereoselective observation analogously to the CSP. The chiral molecular tip forms favorable hydrogen-bond interactions preferentially with one of the sample cysteine enantiomers. The enantioselective formation of the chemical interactions causes the facilitation of intermolecular electron tunneling from the one enantiomer to a greater extent than the opposite enantiomer, whereas these interactions result in longer retention times for a particular enantiomer in HPLC with the CSP. A reversal of the stereoselectivity by replacing the (S)-chiral molecular tip with the (R) isomer is clear evidence for the enantioselective formation of hydrogen-bond interactions.
Discrimination of DNA Bases
We showed that a nucleobase molecular tip is capable of electrically pinpointing each complementary nucleobase. The nucleobase molecular tips were prepared by chemical modification of underlying metal tips with thiol derivatives of adenine, guanine, cytosine, and uracil (Fig. 8). Figures 9(a) , 9(b), and 9(c) show typical STM images of guanine SAMs observed with complementary cytosine, noncomplementary adenine, and unmodified tips, respectively. Cross-sectional profiles of the images are shown in Fig. 9(d) , which represents the extent of electron tunneling between the tip and the nucleobase. The complementary cytosine tip exhibited the most facilitated electron tunneling, and therefore the brightest guanine images among the three tips. Similarly, for adenine, cytosine, and uracil, their complementary nucleobase tips gave the brightest images of their counterparts, the results of which are shown in Fig. 10 together with those using irrelevant tips for validation.
Taken together, it is concluded that the complementary combinations of the tip and sample base pairs facilitated the largest electron tunneling through hydrogen bonds between complementary base pairs, and particular nucleobases were thus discriminated from other nucleobases in STM images by using the complementary nucleobase tips.
It should be noted that the formations of specific hydrogen bonds between complementary bases require coplanar configurations, in which the molecular planes of the sample and tip nucleobases coincide with each other. The selective large facilitation observed with complementary base pairs on a tip and substrate indicates that a base-base coplanar orientation was in fact achieved. The base-base coplanarity is probably attained by the rotation of a carbon-sulfur bond in the thiolated nucleobase on a tip, which is well known even in the close-packed structure of alkanethiolate SAMs. 25 An example of the detection of particular nucleobases was demonstrated here with the present method in an 18-mer strand of a peptide nucleic acid (PNA), an analogue of DNA. 26 A typical STM image with an unmodified tip of a PNA strand is shown in Fig. 11(a) , showing that bases in the strand were observed as rows of bright spots and the components of the strand, guanines and thymines, were not discriminated. On the contrary, cytosine tips pinpointed the complementary guanines among the noncomplementary thymines in the strands (Figs. 11(b) -11(d) and Insets). The extent of electron tunneling along the strands shows that a single-and double-base substitution in the strands was distinguished with the cytosine tip.
These results demonstrate that the complementary nucleobase tip is capable of electrically pinpointing each DNA base.
Visualization of Atomic Defects in Carbon Nanotubes
In the preceding sections, we show single-molecule recognition of molecular chirality and DNA bases. The recognition of these two targets is important not only in functional science, but also in a wide range of applications, e.g., miniaturized sensors and surface catalysis. Another important analyte in nanoscience is a carbon nanotube (CNT). CNTs possess a rich variety of intriguing electronic properties, and many potentially important The mean values (n = 10) of the extents of the observed electron tunneling between nucleobase tips (i.e., adenine, guanine, cytosine, and uracil tips) and sample nucleobases (i.e., adenine, guanine, cytosine, and uracil) represented in "height (pm)" of the tips. Those with irrelevant tips (i.e., unmodified, 2-mercaptobenzimidazole (MB), and thiophenol (TP) tips) were also obtained, for comparison, under otherwise identical conditions. applications have been explored. 27 Atomic-scale defects are present in CNTs, for example, pentagon-heptagon defects in an otherwise perfect hexagonal carbon network. 28 Such defect sites are one of critical factors that affect the electronic properties. Despite their importance, so far only limited techniques are available for the defect detection at the atomic level. [29] [30] [31] An electron-donating molecular tip enables the detection of defects in carbon nanotubes.
Unmodified metal tips exhibited STM images of individual single walled carbon nanotube (SWNT) that reveal a carbon lattice of the nanotubes (Fig. 12(a) ). The STM image shows an array of closely packed bright dots, being consistent with earlier reports. 32 When 4AT tips (Fig. 12(c) ), instead of conventional metal tips, were used, we observed protrusions brighter than the perfectly aligned carbon atoms (Fig. 12(b) ).
For chemically selective imaging, the formation of chemical interactions that provide the overlap of electronic wave functions between the molecular tips and the samples is an essential requisite (see Sect. 2). There are a large number of both experimental and theoretical studies about interactions between CNTs and molecular species. The most prominent one among them is the charge-transfer interaction between SWNTs and electron-donating (e.g., organic amines, NH3) or -accepting (e.g., NO2, O2) molecules. 33, 34 In the present work, 4AT molecular tips were utilized to measure electron tunneling to the nanotubes. This compound is a thiolated derivative of aniline, which has been known to chemically interact with CNTs through charge transfer. 35 Moreover, the charge transfer has been found to occur when the electron-donating adsorbate binds to a defect site in SWNTs. 36, 37 According to this defect-selective charge-transfer interaction, electron tunneling is facilitated between the 4AT molecular tip and defect on a CNT. The defects are thereby selectively visualized by the 4AT molecular tips. These defects include oxygen-containing functional groups, non-hexagonal carbon rings, vacancy, and adatom defects. They are introduced during either the synthesis of CNTs or chemical processes of the CNTs, such as acid oxidation. The present method provides a means to assess damages in as-produced nanotubes, or those produced by chemical/physical nanotube processing.
Detection of Intermolecular Electron Transfer
As shown in the preceding sections, molecular tips enable chemically selective STM imaging based on a single molecule basis. Moreover, molecular tips provide a unique means of detecting intermolecular electron transmission. Electron transmission through single molecules attracts substantial interest 38 due to molecular-scale electronic device research. 39, 40 Although there have been significant advances in our knowledge concerning electron transmission through a single molecule in recent years, 41 few studies have been reported concerning electron transmission through a single molecule to an adjacent another single molecule on a nanoscale. We have shown that molecular tips open up a way to detect such electron transmission.
In the observation of CoPor with the fullerene molecular tip, a strong polarity dependence of the image contrast was observed: a molecularly resolved STM image was obtained at a sample-negative bias voltage, but not with a sample-positive bias voltage ( Fig. 13(a) ). To quantitatively examine the polarity dependence, current-voltage (I-V) curves were measured in an argon atmosphere. When the I-V curve was measured with the MPF tip at the porphyrin ring of the CoPor molecule, a large current was observed at a negative bias voltage (Fig. 14) . In contrast, the current flow was negligible at positive bias. This asymmetric current flow is consistent with the polarity dependence in STM imaging. The rectified electron tunneling is a noteworthy aspect from a viewpoint of molecular devices. In the present study, the electron-deficient fullerene and electron-rich porphyrin faced to and interacted with each other (Fig. 13(b) ), and such appropriately coupled acceptor-donor pairs have been theoretically predicted to possess rectifier properties. 42 The rectification behavior was indeed observed in the polarity dependence of the STM images and the I-V curve (Figs. 13 and 14) , which verifies the molecular diode by the acceptor-donor configuration.
Preparation of Molecular Tips
8·1 Self-assembled monolayers
We showed single-molecule analyses achieved by molecular tips in the previous sections. From a practical point of view, the preparation of molecular tips is a central issue, which is the subject of this section. The most simple and convenient way to prepare molecular tips is the use of SAMs. Aromatic thiols, which in general show higher conductivity than aliphatic ones, are typically used for the formation of SAMs in molecular tips. Molecularly close-packed SAMs on underlying gold STM tips are obtained by simply immersing the gold tip into dilute solutions of the aromatic thiols. The thiol group forms a covalent S-Au bond with the surface of the Au tip. As a result, a chemically robust monolayer is assembled on the tip surface. The surface chemistry is entirely defined by the functional groups located at the outermost surface of the SAM, i.e., the functional groups in the para position of the aromatic thiols. In addition, these functional groups of the molecular tips are in closest proximity to a sample surface in STM observations. The functional groups are, therefore, most important for chemical recognition achieved by the molecular tips.
8·2 Carbon nanotubes (CNTs)
In addition to the molecular tips derived from the SAMs, functionalized CNTs also enable chemically selective imaging. 5 Despite the tiny dimension, CNTs are mechanically robust and show high electric conductivity. All these characteristics are ideal for an STM tip.
Single-walled carbon nanotubes (SWNTs) are first carboxylated at their termini by acid treatment. The carboxylated SWNTs were then attached to gold STM tips coated with 4MBA ( Fig. 1(a) ) SAMs through Zn 2+ ion bridged coordination in-between (Fig. 15 ). (Fig. 16(a) ). These pairs of bright lines in Figs. 16(b) and 16(c) correspond to the two ether oxygens of the diether molecules. 3, 4 This change in image contrast selective to the ether oxygens was ascribed to the facilitation of the electron tunneling by hydrogen bond interaction between the ether oxygen of diether and the carboxy group of the 4MBA or SWNT tip. The corrugation of the sample molecules is more clearly resolved in Fig. 16 (c) than in Fig. 16(b) . The small diameters of SWNT or SWNT bundle on the tip are probably responsible for the improved resolution. The SWNT tip would be more advantageous with highly corrugated samples, such as DNAs or proteins.
8·3 Polypyrrole
Similar to the molecular tips using SAMs or SWNT tips, the polypyrrole-modified tip enables the recognition of functional groups in STM images. Because polypyrrole can form hydrogen bonds through its nitrogen moieties, selective contrasts showing the positions of the hydroxy groups in 1-octadecanol monolayers were observed. 2 It should be noted that the chemically selective image contrast depended on how the polypyrrole-modified tips were washed after their preparation. The polypyrrole is protonated by immersion into an acidic solution (pH 2). Because the protonated polypyrrole loses ability to form hydrogen bond with the hydroxy groups, the acid-treated polypyrrole-modified tips did not exhibit the image contrast selective to the hydroxy groups. 
Conclusions
We described our studies on the chemical recognition of organic adsorbates on solid surfaces at the nanoscale by molecular STM tips. Electron-donating or accepting moieties can be selectively observed based on charge-transfer interactions with the molecular tips. In addition, functional groups and metal ions are recognized through hydrogen-bond and coordination-bond interactions, respectively. Deliberately designed molecular tips allow a sophisticated discrimination of chemical identities of sample molecules. Naturally-occurring chemical recognition and artificial recognition well-established by supramolecular chemistry offer reliable routes of the rational design of the tip molecule. Such examples are the discrimination of DNA bases on the basis of Watson-Crick base pairing, and chiral recognition on the basis of separation chemistry in HPLC. The detection of electron transmission from a single molecule to an adjacent another single molecule is also possible by the molecular tips. The molecular tips successfully revealed rectified electron transmission within an electron donor-acceptor molecular pair. The molecular tips can be prepared by using self-assembled monolayers, carboxylated carbon nanotube, and conducting polymers. This technique may be coined "intermolecular tunneling microscopy" as its principle goes, and is of general significance for novel molecular imaging of chemical identities at the membrane and solid surfaces.
